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ABSTRACT 
Gareau, D.J. Relationship between glacial refugial range and genetic diversity in 
eastern North American conifer species. 63 pp. 
Keywords: conifer, distribution, eastern North America, forest genetics, genetic 
diversity, glacial maximum, paleodistribution modeling, refugia 
The aim of this thesis is to relate genetic diversity to the extent of glacial 
refugia in several important North American conifer species. Refugial locations 
were hindcasted using MaxEnt software with occurence points retrieved from 
the Global Biodiversity Information Facility (GBIF 2019) and Biodiversity 
Information Serving Our Nation (BISON 2019), and bioclimatic variables of 
curent conditions and conditions during the last glacial maximum according to 
the MPI-ESM-P global circulation model retrieved from WorldClim version 1.4 
(Hijmans et al. 2005). Bioclimatic variables were removed according to 
corelation to the highest contributing variable in multiple iterations until al highly 
corelated variables were removed to arive at a final model. The size and 
number of refugia was compared against heterozygosity values gathered from 
alozyme studies. Species distribution models performed wel with and were able 
to adequately predict curent ranges of the ten selected conifer species and 
predicted Pleistocene distribution that can largely be coroborated with 
paleoecological and phylogeographical studies. A strong relationship between 
expected heterozygosity measured by alozyme analysis and the number and 
size of modeled refugia (adjusted r² = 0.71) suggests that population size 
reductions and reduced gene flow during the last glacial maximum had 
pronounced efect on the genetic diversity of Eastern North American conifer 
species. Of these two variables, the number of refugia was more closely 
corelated to expected heterozygosity than size of refugia (adjusted r² = 0.67 
versus adjusted r² = 0.58) which could suggest that these multiple refugia 
preserved diferent novel aleles that resulted in higher genetic diversity when 
glaciers receded and population admixture occured.  
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Significant changes in tree species distributions associated with glacial-
interglacial cycles have had major consequences on the genetics of most 
organisms through the mechanics of repeated colonization, genetic botlenecks, 
and admixture (Jaramilo et al. 2009). Throughout the Pleistocene Epoch, 
temperate tree species underwent repeated cycles of range expansion and 
contraction (Hewit 2000). A relatively recent series of major shifts during this 
epoch was the last glacial maximum (LGM), the most recent occurence of 
continental glaciers reaching their southernmost extent, and the subsequent 
retreat of these glaciers. This event was approximately 25,000 to 15,000 
calendar years before present, when an area roughly one third of North America 
was under the coalesced Laurentide and Cordileran ice sheets (Ray and Adams 
2001). Along with up to two-kilometre ice sheets covering this landmass, 
conditions afecting tree habitat included sea levels being up to 130 meters 
lower than today (Yokoyama et al. 2018) and an average temperature of 
approximately 9° Celsius (Schneider von Deimling et al. 2006). Due to these 
factors, tree species would have existed within completely diferent ranges that 
were able to support them during this time.  
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The ranges likely existed as refugia; smal areas separated alopatricaly. 
Ex situ, they could have existed south of the glacial extent due to species 
folowing favourable climatic conditions during the advance of ice sheets (Rowe 
et al. 2004). Lower sea levels exposed continental and insular shelves, of which 
some areas remained unglaciated north of the southern glacial extent (Ray and 
Adams 2001), which could have harboured ex situ and in situ fragmented 
populations. In situ sites with localy hospitable climates within larger 
unfavourable areas, known as microrefugia, could have also existed for these 
species because of the efect of physiographic factors on meteorological 
conditions (Dobrowski 2011). Folowing glacial retreat, colonisation has occured 
from these refugia into their curent ranges (Rowe et al. 2004). 
With species distribution modeling, it is possible to predict the historical 
distribution of these refugia by working backwards from contemporary 
occurence points and historical climate grids (Philips and Dudik 2008). The 
objective of this study is to corelate the size and number of these refugia using 
this information along with genetic diversity measured by expected 
heterozygosity as provided by various alozyme studies of the trees in focus. 
Alozyme variation wil be used due to the relative availability and their reliability 
in estimating gene flow (Ouborg et al. 1999). I anticipate softwood tree species 
within multiple and/or large refugia during the LGM have led to higher genetic 
diversity in modern day populations than those with fewer and/or smaler refugia. 
Further, species with multiple smaler refugia have experienced less of a genetic 





Conifers are geneticaly diverse compared to other plants and generaly 
exhibit very low population genetic diferentiation (Hamrick et al. 1992). Part of 
the reason for this is that extensive gene flow, even across fragmented 
landscapes, prevents population genetic divergence due to drift and associated 
loss of aleles associated with finite population size (O’Connel et al. 2007). 
Hamrick et al. (192) found that a significant proportion of genetic variation 
within conifer species can be explained by five life history traits: geographic 
range, distribution with the USA, successional stage, habitat type, and cone 
type. Other life history traits important for most plant species are common in 
conifer species. These findings could explain part of the genetic variation seen 
in the species included in this thesis. 
Ten conifer species from eastern North America are included in this 
thesis: Abies balsamea, Larix laricina, Picea glauca, Picea mariana, Picea 
rubens, Pinus banksiana, Pinus resinosa, Pinus strobus, Thuja occidentalis, and 
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Tsuga canadensis. These species have an average expected heterozygosity of 
0.128 according to published alozyme analyses (Table 1). According to Litle 
(1971), Larix laricina, Picea glauca, and Picea mariana have large ranges 
extending from the eastern coast of Canada and New England to Alaska. These 
three species have the highest published expected heterozygosity values 
(Cheliak et al. 1988; Furnier et al. 1990; Pery and Bousquet 2000). Abies 
balsamea and Pinus banksiana have large ranges that do not cross the Rocky 
Mountains (Litle 1971). Both species have lower expected heterozygosity than 
the calculated average of the selected species, with Abies balsamea being 
considerably lower (Godt et al. 2001; Shea and Furnier 2002). Pinus resinosa, 
Pinus strobus, Thuja occidentaliş and Tsuga canadensis have ranges restricted 
to eastern North America (Litle 1971) and have lower than average genetic 
diversity apart from Pinus strobus. Pinus strobus has the largest proportion of its 
range within the USA (Litle 1971) and the largest expected heterozygosity 
(Beaulieu and Simon 1994). Tsuga canadensis has a likewise large proportion 
of distribution within the USA (Litle 1971) yet has a much lower expected 











Table 1. Published expected heterozygosity based on alozyme analysis for ten 









   
Picea glauca 0.290 (Furnier et al. 1990) 
Picea mariana 0.250 (Pery and Bousquet 2000) 
Larix laricina 0.220 (Cheliak et al. 1988) 
Pinus strobus 0.180 (Beaulieu and Simon 1994) 
Pinus banksiana 0.114 (Godt et al. 2001) 
Thuja occidentalis 0.094 (Pery et al. 1990) 
Picea rubens 0.079 (Hawley and DeHayes 1994) 
Tsuga canadensis  0.037                                                                                                                                           (Zabinski1992)





(Fowler and Moris 1977) 
 
The geographic distribution traits Hamrick et al. (1979) found to be 
significant could be due to unconsidered factors related to distribution of glacial 
refugia. Species with distribution on either side of the Rocky Mountains as wel 
as either side of the Appalachian Mountains would by consequence have larger 
ranges. This distribution could be due to these areas being representative of 
separated refugia, which has been supported for several of the selected species 
(Cinget et al. 2015; Godbout et al. 2010; Jaramilo-Corea et al. 2004; Lafontaine 
et al. 2010). The importance found for distribution within the US could be due 
these populations representing in situ refugia that have persisted since the LGM, 
which could mean they have sufered less severe range contractions and loss of 
genetic diversity associated with post-glacial founding events. Within western 
North America, Roberts and Hamann (2015) found larger genetic diversity from 
tree species that had many and large glacial refugia. Species with restricted 
refugia had less genetic diversity. This trend emerged regardless of species’ 
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present day distribution. Genetic diversity is also generaly higher in boreal 
species with curent day distribution partialy or completely within eastern North 
America. There seems to be litle corelation between shade tolerance (Table 2) 
and expected heterozygosity within the ten selected species in this species. 
 












Tsuga canadensis Very tolerant 
Picea mariana Tolerant 
Picea rubens Tolerant 
Picea rubens Tolerant 
Thuja occidentalis Tolerant 
Picea glauca Intermediate 
Pinus strobus Intermediate 
Pinus banksiana Intolerant 





Source: (Burns and Honkala 1965). 
Genetic variation determined by alozyme analysis has several 
advantages when colecting genetic diversity of many species. Heterozygosity 
values from alozyme analysis are generaly more available than from 
microsatelite markers as they are older (Bush and Smouse 1992). They are 
also reliable in estimating gene flow and genetic diversity (Ouborg et al. 1999). 
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INFERRING GLACIAL REFUGIA 
Two research methods have traditionaly been used in conjunction to infer 
glacial refugial locations. The first is the paleoecological approach which 
examines polen records and macrofossils (Delcourt and Delcourt 1987). These 
samples are dated and used to reconstruct migration routes folowing glacial 
retreat and glacial refugia (Gavin et al. 2014; Roberts and Hamann 2015). The 
second research approach is phylogeography, which examines modern day 
geographic distribution of neutral genetic markers (Gavin et al. 2014). This 
distribution reflects the historical bariers between subpopulations of a species. 
Genetic variation at neutral genetic markers can be used to identify populations 
that occupied separate glacial refugia based on the variation of alele 
frequencies among population clusters (Gavin et al. 2014; Jaramilo-Corea et 
al. 2009).  
A third approach to delineating glacial refugial locations has been 
developed in contemporary studies. This method is to build Species Distribution 
Models (SDMs) to corelate species occurence data with the climatic variables 
they exist in (Dormann et al. 2012; Morin and Thueler 2009). This model is then 
used to hindcast to determine the distribution of suitable habitat during the LGM. 
Al three approaches have their own sets of assumptions and shortcomings and 
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are best used in conjunction to address and mitigate these (Gavin et al. 2014; 
Roberts and Hamann 2015).  
Fossil Records 
Advances in data management have alowed archiving of large curated 
colections of macro-fossils and polen fossils from lake sediments (Gavin et al. 
2014). Polen records are generaly able to prove presence of trees to the genus 
level, while specific species need macrofossils to provide strong evidence of 
presence (Delcourt and Delcourt 1987). Macrofossils found in situ provide near-
definitive evidence for species presence in an area within a given time period. 
Analysis of multiple sites containing high abundance of microfossils, such as 
polen, can suggest presence of their source species with high confidence. 
Radiocarbon dating can be used to determine the age of micro- and 
macrofossils with relatively high precision (Gavin et al. 2014). However, a major 
limitation of fossil records is the rarity of samples. Glacial refugium are 
understood to have been restricted and smal, which means they left a likewise 
smal impact on the fossil record. Rare taxa see a similar issue (Roberts and 
Hamman 2015). Areas suitable for potential glacial refugia are typicaly south-
facing slopes or exposed continental shelves which both are il-suited for fossil 
preservation. For these reasons, absence is rarely infered from lack of fossil 
samples alone. Refugia not represented in the fossil record are refered to as 
cryptic refugia (Gavin et al. 2014).  
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Polen records show the existence of glacial refugia in Eastern North 
America between the southern edge of the Laurentide continental glacier and 
modern-day Florida for the genera Abies, Larix, Picea, Pinus, and Tsuga 
(Delcourt and Delcourt 1987; Jackson et al. 1997). Delcourt and Delcourt (1987) 
have also suggested presence of the family Cupressaceae, which contains 
Thuja occidentalis. Picea glauca and P. mariana dominated forests directly 
south of the Laurentide ice sheet towards the Gulf Coast. Pinus, mostly P. 
banksiana with difuse populations of P. resinosa and P. strobus, occured as 
forest from 34° to 30° north. Macrofossils have also confirmed presence of of 
Abies balsamea, Larix laricina, and Tsuga canadensis within this same general 
area (Jackson et al. 1997).  
Polen microfossils of Thuja spp. are not confidently distinguished from 
those of other members of the Cupressaceae family (Yu 1997). Vegetative 
macrofossils have not confirmed presence of Thuja occidentalis during the LGM, 
although they have confirmed presence within Southern Ontario after the late 
glacial period at least as early as 7,500 Years BP. It has been suggested that 
this species moved along the Niagara Escarpment and south into Southern 
Ontario folowing glacial retreat after a considerable lag period (Yu 1997). This is 
supported by the findings of the oldest macrofossils being found in the Bruce 
Peninsula dated at 8,200 Year BP (Yu 1997) and Manitoulin Island dated at 
10,000 Years BP (Warner 1981). This would suggest a glacial refugia of Thuja 
occidentalis south of Lake Superior, but accurate placement is not possible 
without macrofossil evidence dated to the LGM. 
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Beringia, the exposed continental shelf between modern day Alaska and 
Siberia, remained unglaciated during the LGM (Ray and Adams 2001). Brubaker 
et al. (2005) sugests that according to polen records, Larix spp. was restricted 
to sites within southwestern Beringia during this time, while Picea spp. was 
present throughout much of eastern Beringia. Though the evidence is unclear, 
macrofossil evidence of L. laricina within eastern Beringia folowing glacial 
retreat suggest this was the species of Larix that found refugia there. Picea was 
likely represented by multiple species. Presence of P. glauca was found to be 
most widespread in eastern Beringia. P. mariana was found to have 
accompanied P. glauca during site colonization in northern British Columbia, 
which suggest its earlier presence in eastern Beringia as wel. Polen of Pinus 
spp. was also found within Beringia during the LGM, but macrofossil evidence 
has not suggested presence of the three species included in this thesis. 
Phylogeography 
A major limitation of phylogeography is that evolutionary events infered 
from genetic markers can only be linked to general areas of divergence. They 
can however provide evidence of refugia that have no supporting evidence 
within the fossil record, which are known as cryptic refugia (Roberts and 
Hamman 2015). 
Mountains have proven to have had a large efect of the phylogeographic 
paterns of trees, but this efect is lessened in North America as mountains run 
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north to south and do not block gene flow as efectively as European mountains 
which run east to west (Jaramilo-Corea et al. 2009). Roberts and Hamann 
(2015) found larger genetic diversity from tree species that had many and large 
refugia within western North America. Species with restricted refugia had less 
genetic diversity. Genetic diversity is generaly higher in eastern boreal species 
which suggests a more disjointed glacial history than western counterparts. 
Some now submerged Atlantic coastal areas could have contributed to curent 
genetic diversity by harbouring cryptic refugia (Gobout et al. 2010). 
The phylogeographic structure of Abies balsamea supports five distinct 
genetic lineages resulting from four glacial refugia south of the Laurentide ice 
sheet, and one northeast of the southern extent. One was infered to have 
existed south of the Great Lakes, which was likely to have been the largest. A 
second refugium was proposed to have been within the Driftless Area west of 
the Great Lakes. This was likely very limited in size and is considered a cryptic 
refugium. Another refugium was possibly within the southern Appalachian 
Mountains, and the last southern refugium was likely on the Atlantic Coast. 
These refugia could have been completely separated during the LGM or could 
have represented multiple recolonization routes from fewer combined refugia. 
The northeastern refugium was likely near modern day Labrador (Cinget et al. 
2015). 
Populations of Larix laricina within Alaska show no evidence of gene flow 
from the larger Canadian population. Due to this and their low genetic diversity, 
these populations are proposed to be remnants of a glacial refugia within 
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Beringia (Napier et al 2020). Further phylogeographic evidence suggests a large 
eastern refugium was located south of the Laurentide ice sheet. Unlike other 
conifer species, the Appalachian Mountains seem to have not restricted gene 
flow as this refugium seems to have been on either side. Lastly, a third refugium 
has been infered to be within the Driftless Area, an area west of the Great 
Lakes at the margin of the Laurentide ice sheet (Waren et al. 2016).  
Anderson et al. (2006) reported that most haplotypes of Picea glauca 
within Alaska are unique to that region. This ofers strong evidence that this 
species survived the LGM in or near this region, likely in low densities according 
to coroboration with polen records. Lafontaine et al. (2010) supported this 
inference, as wel as provided phylogeographic evidence of two eastern refugia. 
These were defined to distinct areas east and west of the Appalachian 
Mountains.  
Jaramilo-Corea et al. (2004) found a distinct geographic variation in 
mitochondrial DNA within the range wide population of Picea mariana. Three 
southern and one northeastern refugia were infered from this distribution. P. 
mariana was suggested to be restricted to a glacial refugia south of the 
Cordileran ice sheet in Washington or Oregon State within Western North 
America due to the Rocky Mountains. Within unglaciated Eastern North 
America, two refugia were likely to have been present, with one on either side of 
the Appalachian Mountains. A group of mitotypes observed only in Labrador and 
Eastern Quebec suggests a glacial refugia of this species on exposed Atlantic 
coastal shelf north of the glacial extent. 
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Picea rubens is thought to have speciated from a shared progenitor 
species with P. mariana during the LGM (Peron et al. 2000). Higher genetic 
variability than expected within P. rubens within the northern half of its range 
could be due to it being present in two diferent glacial refugia, one within the 
southern Appalachian Mountains and another on exposed coastal shelf in the 
Atlantic Ocean (Hawley and DeHayes 1994).  
Godbout et al. (2010) found that populations of Pinus banksiana within 
the Maritimes region of Canada were geneticaly distinct from central and 
western populations. This genetic structure suggests a glacial refugium 
northeast of the extent of glaciation. Further analysis pointed to two additional 
glacial refugia: on the Atlantic coast south of the glacial extent, and west of the 
Appalachian Mountains.  
Pinus resinosa is considered unique among North American as it has 
extremely low genetic diversity, yet it is widespread geographicaly (Fowler and 
Moris 1977). Eastern Pinus species are generaly thought to have survived in 
the southeastern USA. Despite its low genetic diversity, it is unlikely that this 
species existed in a single glacial refugium. Instead, it has been infered that 
another refugium was present in unglaciated areas in the northeast USA (Walter 
and Epperson 2005).  
Zinck and Rajora (2016) has suggested a single refugium of Pinus 
strobus in central North American south of the Laurentide ice sheet which 
branched into two recolonization routes, resulting in three geneticaly diferent 
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lineages by the modern day. This refugium was suggested to be in a single 
large area south of the Laurentide ice sheet. 
Poter et al. (2012) suggested that the most likely area for glacial refugia 
of Tsuga canadensis was the Southeast USA. This is due to the relatively high 
genetic diversity found within populations closer to there. More exactly, a glacial 
refugium was placed southeast of the Appalachian Mountains. There is 
evidence that this large refugium was partialy split into three clusters. It is 
possible that another area of refugium existed on exposed Atlantic coastal shelf. 
Species Distribution Modeling  
SDMs use difering approaches to identify the determinants of a species 
suitable habitat and predict their suitable ranges either over space, time, or both 
(Dormann et al. 2012; Gavin et al. 2014; Morin and Thuiler 2009). Applications 
for SDMs include predicting species’ range shifts under projected climate 
change (Morin and Thuiler 2009; Schneiderman et al. 2015), modeling the 
spread of invasive species (Higgins et al. 2000; Roy-Dufresne et al. 2019), and 
hindcasting refugia during glaciation events (Svenning et al. 2008). These 
models exist within two main classes, process-based and corelative, with hybrid 
models existing between the two extremes (Dormann et al. 2012; Morin and 
Thuiler 2009). Process based SDMs formulate a mathematical function to 
represent the ecology of a species. This means that processed based SMDs 
are causal, explicitly relating a species’ performance to environmental conditions 
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(Dormann et al. 2012; Gavin et al. 2014). These models use a botom up 
approach that simulates site level interactions between species and 
environment, then expanding to landscape and regional scales. This means it is 
necessary to have a deep knowledge of a species life history, usualy derived 
from observations from multiple individuals in controled or laboratory 
environments which is only available for the most wel studied species. Species 
occurence data is not strictly required (Morin and Thuler 2009; Schneiderman 
et al. 2015). These properties make process based SDMs most applicable for 
stand or landscape scale distribution models (Lischke et al. 2006), outlining 
habitat outside of a species fundamental niche (Evans et al. 2016) and 
identifying future limitations to curent ranges (Morin et al. 2008). Along with the 
relative intensity of study needed for the inputs, these SDMs have been 
criticized due to their larger parameterization demands (Araújo and Guisan 
2006; Gavin et al. 2014).  
Corelative SDMs directly relate environmental variable to observed 
species distribution. Instead of causal, these models use statistical relationships 
to make predictions (Dormann et al. 2012; Morin and Thueler 2009). These 
models employ a top down approach by beginning with statisticaly relating 
regional scale climatic variables usualy in the form of climate grids to species 
occurence, then adding landscape scale variables such as soil to improve the 
prediction (Morin and Thueler 2009; Scheiderman et al. 2015). Corelative 
models necessitate presence/absence data to draw predictions, but do not 
strictly require ecological knowledge (Dormann et al. 2012). MaxEnt, the 
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program selected for use in this thesis, is one of many available within this class 
(Jarnevich et al. 2015). Several assumptions and shortfals of corelative SDMs 
must be considered before implementation, as wel as limitations of the 
occurence data and climate grids used for input. Firstly, a corelative SDM 
provides predictions of suitability, not a guarantee of species presence. 
Additionaly, these predictions are of realized niche rather than fundamental 
niche and this can be afected by factors not covered by input variables such as 
anthropogenic influence, competition, and dispersal limitations (Gavin et al. 
2014). These are also static models that do not consider changing relationships 
in abiotic and biotic conditions (Dormann et al. 2012). Due to these 
considerations, SDMs are to be treated as a hypothesis and require their own 
validation (Jarnevich et al. 2015). In the case of paleodistribution modeling of 
climate refugia, paleoecological evidence, at both micro- and macro-scales, and 
phylogeographic studies should be used to supplement models produced (Gavin 
et al. 2014).  
An assumption of corelative SMDs is that inputs represent a species at 
equilibrium with its environment which means that using species records from 
more unstable setings, such as climate changes or invasions, underepresent 
curent suitable habitat, which would in turn underepresent future species 
distribution (Dormann et al. 2012; Elith and Leathwick 2009). Violation of this 
assumption is necessary when modeling species constrained by invasion 
processes during early stages (Barbet-Massin et al. 2018; Václaví and 
Meentemeyer 2012).  
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Proper data handling must be used to ensure that highly corelated 
climate input variables are not included, as this can result in “overfiting” of 
resultants SDMs. (Waren and Seifert 2011). Causality of corelations is critical 
to determine as variables are often corelated to one another. An example of this 
would be relative humidity seeming to be a direct limiting factor of a species 
distribution when the actual limiting factor is one such as moisture levels that 
determines relative humidity (Dormann et al. 2012).  
SDMs are sensitive to both sample biases and sample size. These 
atributes must be addressed in order to produce accurate habitat predictions 
(Araújo and Guisan 2006). As frequent sources of input data are natural history 
colections (NHCs), associated biases should be understood. NHCs often sufer 
from spatial biases reflecting opportunistic sampling from easily accessible 
locations such as roadside. High elevations and wet areas can be 
underepresented due to access dificulties (Wiz et al. 2008). Additional area for 
bias from occurence data is colectors bias, where NHCs are biased towards 
colecting novel and rare specimens (Araújo and Guisan 2006).  
MaxEnt is an SDM program that utilizes presence-only records but does 
not use absence points which are instead infered (Philips et al. 2019; Philips et 
al. 2017). This means MaxEnt is sensitive to under-representation due to 
unrealized portions of fundamental niches (Elith et al. 2010). Portions of habitat 
niche can also be missed due to the spatial resolution of climate input variables 
if it is too large to reflect changes in variables that exist within smaler scales 




Ten tree species were selected for study within this thesis. The criteria for 
selection were as folows; Gymnosperms, generaly single stemmed and taler 
than 20 feet when mature (ie. tree species rather than shrubs), modern day 
range within the area occupied by continental glaciers during the LGM, and 
presence within Eastern North America. Occurence points for these species 
were obtained from the Global Biodiversity Information Facility (GBIF 2019) and 
Biodiversity Information Serving Our Nation (BISON 2019). The downloads were 
in .csv format and combined into one file per species retaining the species 
name, longitude, and latitude fields in that order. These files were added to an 
ArcMap session, ploted by longitude and latitude, and were constrained to their 
natural ranges identified by Litle (1971) using the clip tool. The clipped out 
outliers likely represent individuals within botanical gardens or otherwise 
introduced outside their native ranges. Random points were then created with 
the clipped species occurences acting as the constraining feature class. Points 
were functionaly unconstrained in the total number of points but constrained to 
be a minimum of 50 kilometres apart in order to reduce spatial clustering. Care 
was taken to retain an appropriate number of points as reducing these too much 
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can afect the final model (Wisz et al. 2008). These steps were performed using 
a created model tool (Appendix I). These final shapefiles were converted to a 
single .csv table using the table to excel tool in ArcMap containing al ten 
species and coordinates. 
Global environmental data were obtained at a 2.5 arcminute resolution 
from WorldClim version 1.4 (Hijmans et al. 2005). These .tif files contain curent 
conditions representative of 1960-1990 and past conditions based on three 
general circulation models (GCMs) (CCSM4, MIROC-ESM, and MPI-ESM-P) 
reflecting conditions approximately 22,000 years ago. These 19 climatic 
variables (Table 3) were clipped to the extent of North America and converted to 
ASCI format using the raster to ASCI tool in ArcMap. 
 












Annual mean temperature 
 
C° *10 
BIO2 Mean diurnal Range (Mean of monthly (maximum temperature – minimum)) C° *10 
BIO3 Isothermality (BIO2/BIO7) (*100) - 
BIO4 Temperature seasonality (standard deviation *100) - 
BIO5 Maximum temperature of warmest month C° *10 
BIO6 Minimum temperature of coldest month C° *10 
BIO7 Temperature annual range (BIO5-BIO6) C° *10 
BIO8 Mean temperature of wetest quarter C° *10 
BIO9 Mean temperature of driest quarter C° *10 
BIO10 Mean temperature of warmest quarter C° *10 
BIO11 Mean temperature of coldest quarter C° *10 
BIO12 Annual precipitation mm 
BIO13 Precipitation of wetest month mm 
BIO14 Precipitation of driest month mm 
BIO15 Precipitation seasonality (coeficient of variation) mm 
BIO16 Precipitation of wetest quarter mm 
BIO17 Precipitation of driest quarter mm 
BIO18 Precipitation of warmest quarter mm 
BIO19 
 




Source: (Hijmans et al. 2005) 
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Corelation coeficients were calculated for pairwise comparisons 
between each bioclimatic variable using ENMTools (Waren et al. 2009). SDMs 
were then constructed for each species using MaxEnt (Philips et al. 2019). First, 
a model was built with al 19 climatic variables. Five replicates were performed 
for every model run, and values averaged. This means 20% of the points were 
used for testing while 80% were used for training in any given replicate. The 
points used for testing changed between replicates.  
Jackknife resampling was used to evaluate the importance of individual 
variables to the model. Variables were removed in an iterative process 
according to corelation to the highest contributing variable. In the second model 
iteration, variables were removed according to contribution to the second 
highest contributing variable, in the third iteration according to the third highest 
contributing variable, and so on until only uncorelated variables were left. Once 
the models were constructed, they were projected for the LGM using the 
bioclimatic variables from the three GCMs. This predicted refugia suitable for 
these species during this time frame. The output rasters were reclassified, 
converted to polygons, and projected according to a created model tool 
(Appendix I). Species habitat index values under 0.33 within the output rasters 
were removed when converting to feature classes in order to remove noise and 
define the predicted core habitat of the target species. 
The resultant multipart polygons were opened in ArcMap and individual 
refugia selected. Refugia in this sense were, in some instances, multiple 
polygons occupying diferent geographic areas but belonging to the same 
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multipart feature. They were then split into single polygon feature classes and 
had areas calculated in square kilometres using a third created model tool 
(Appendix I). These polygon feature classes were merged into polygon feature 
classes representing predicted species refugia according to each GCM using a 
fourth created model tool. (Appendix I). These species polygon feature classes 
were then merged into a polygon for each GCM. These three GCM polygon 
feature classes were then merged into a final polygon feature class and 
converted to an excel file using the table to excel tool in ArcMap. The resultant 
table had the folowing fields in this order: Global Circulation Model, Species, 
Square Kilometres. 
Using a pivot table in Microsoft Excel, number of identified refugia and 
total area was calculated for each species and GCM. Retrieved heterozygosity 
values from alozyme studies were recorded for each species from published 
literature. The total area and number of refugia were then compared with 
expected heterozygosity values using simple linear regression and multiple 
linear regression for each species using the regression tool in the analysis 
toolpack of Excel. The results for the set of predicted refugia that was best 
supported by other lines of evidence (i.e. paleoecological and 
phylogeographical) was presented in the results. Curent distribution predictions 
were quantified using the same parameters as those used for delineating glacial 





SPECIES DISTRIBUTION MODEL PERFORMANCE 
Two bioclimatic variables were retained in every SDM: temperature 
seasonality and precipitation seasonality. Isothermality was retained in nine of 
ten SDMs. Maximum temperature of the warmest month was the variable with 
the highest permutation importance for six of the ten SDMs, mean temperature 
of warmest quarter was highest for three models, and mean annual temperature 
had the highest permutation importance for one species (Table 4). In terms of 
receiver operating curves, models resulted in area under curve (AUC) values 
between 0.869 and 0.985. The models were able to generaly able to predict 
curent distribution that matched published range maps (Litle 1971). Southern 
range edges were overpredicted for most species. Curent predictions of each 
selected species are presented within their respective sections, as wel as AUC 
values and permutation importance of retained variables. A summary table of 




Table 4. Retention and permutation importance of 19 bioclimatic variables within ten SDMs. 
 




(# of models) 
 
 
Highest permutation importance 










BIO2 Mean diurnal Range  1 - 
BIO3 Isothermality 9 - 
BIO4 Temperature seasonality  10 - 
BIO5 Maximum temperature of warmest month 6 6 
BIO6 Minimum temperature of coldest month 0 - 
BIO7 Temperature annual range  0 - 
BIO8 Mean temperature of wetest quarter 1 - 
BIO9 Mean temperature of driest quarter 0 - 
BIO10 Mean temperature of warmest quarter 3 3 
BIO11 Mean temperature of coldest quarter 0 - 
BIO12 Annual precipitation 1 - 
BIO13 Precipitation of wetest month 0 - 
BIO14 Precipitation of driest month 1 - 
BIO15 Precipitation seasonality  10 - 
BIO16 Precipitation of wetest quarter 4 - 
BIO17 Precipitation of driest quarter 6 - 
BIO18 Precipitation of warmest quarter 4 - 
BIO19 
 









The SDM constructed for Abies balsamea was able to predict curent 
distribution wel along the northern and eastern range edges according to Litle’s 
(1971) range map (Figure 1). It extended predictions slightly past the southern 
range edge, and poorly predicted the northwestern range edge. Seven 
uncorelated bioclimatic variables were retained in the final model according to 
their permutation importance: annual mean temperature (40.7%), precipitation of 
warmest quarter (37%), precipitation seasonality (6.7%), temperature 
seasonality (6.0%), mean temperature of wetest quarter (5.1%), precipitation of 
driest quarter (3.9%), and mean diurnal range (0.5%). The AUC value for this 
model was 0.940. 
 




The SDM constructed for Larix laricina was able to predict curent 
distribution wel along the northern, eastern, and western edges of the main 
range according to Litle’s (1971) range map (Figure 2). It extended predictions 
past the southern range edge and the disjunct Alaskan range. Six uncorelated 
bioclimatic variables were retained in the final model according to their 
permutation importance: maximum temperature of warmest month (50.6%), 
precipitation of warmest quarter (25.8%), isothermality (12.3%), precipitation 
seasonality (5.0%), temperature seasonality (4.5%), and precipitation of driest 
quarter (1.8%). The AUC value for this model was 0.891. 
 




The SDM constructed for Picea glauca was able to predict curent 
distribution along the northern, eastern, and western range edges according to 
Litle’s (1971) range map (Figure 3). It overextended predictions along the 
southern range edge slightly, as wel as predicted as cluster of low habitat 
suitability southwest of the range. Six uncorelated bioclimatic variables were 
retained in the final model according to their permutation importance: maximum 
temperature of warmest month (69.9%), isothermality (19.3%), temperature 
seasonality (5.7%), precipitation of coldest quarter (5.7%), precipitation of 
warmest quarter (1.2%), and precipitation seasonality (1.2%). The AUC value for 
this model was 0.869. 
 




The SDM constructed for Picea mariana was able predict curent 
distribution along the northern, eastern, and western range edges according to 
Litle’s (1971) range map (Figure 4). It overextended predictions along the 
southern range edge slightly, as wel as an over prediction folowing the 
Appalachian Mountains south. Five uncorelated bioclimatic variables were 
retained in the final model according to their permutation importance: maximum 
temperature of warmest month (46.2%), precipitation of warmest quarter 
(18.8%), isothermality (13.8%), precipitation seasonality (12.0%), precipitation of 
driest quarter (6.5%), and temperature seasonality (2.7%). The AUC value for 
this model was 0.876. 
 




The SDM constructed for Picea rubens was able to predict curent 
distribution along al range edges according to Litle’s (1971) range map (Figure 
5). It oversimplified the disjointed range clusters southwest of the main range. 
Six uncorelated bioclimatic variables were retained in the final model according 
to their permutation importance: mean temperature of warmest quarter (54.9%), 
precipitation seasonality (18.8%), precipitation of warmest quarter (12.2%), 
precipitation of driest month (8.2%), isothermality (3.2%), and temperature 
seasonality (2.8%). The AUC value for this model was 0.985. 
 




The SDM constructed for Pinus banksiana was able to predict curent 
distribution along the northern, eastern, and western range edges according to 
Litle’s (1971) range map (Figure 6). It overextended predictions along the 
southern range edge and precited clusters of low habitat suitability west of the 
range. Six uncorelated bioclimatic variables were retained in the final model 
according to their permutation importance: maximum temperature of warmest 
month (57.9%), precipitation of wetest quarter (16.4%), temperature seasonality 
(11.1%), isothermality (6.0%), precipitation seasonality (5.3%), and temperature 
seasonality (2.8%). The AUC value for this model was 0.923. 
 




The SDM constructed for Pinus resinosa was able to predict curent 
distribution along the northern, eastern, and western range edges wel according 
to Litle’s (1971) range map (Figure 7). It overextended predictions of the 
southern range edge slightly, and predicted suitable habitat folowing the 
Appalachian Mountains south. southern range edge and precited clusters of low 
habitat suitability west of the range. Six uncorelated bioclimatic variables were 
retained in the final model according to their permutation importance: mean 
temperature of warmest quarter (63.5%), precipitation of warmest quarter 
(25.2%), temperature seasonality (7.1%), precipitation seasonality (2.1%), 
precipitation of driest quarter (1.8%), and isothermality (0.3%). The AUC value 
for this model was 0.965. 
 




The SDM constructed for Pinus strobus was able to predict curent 
distribution along the northern, eastern, and southeastern range edges 
according to Litle’s (1971) range map (Figure 8). It overextended predictions 
along the southwestern range edge and predicted clusters of low habitat 
suitability far west of the range. Five uncorelated bioclimatic variables were 
retained in the final model according to their permutation importance: maximum 
temperature of warmest month (48.7%), annual precipitation (42.2%), 
temperature seasonality (7.0%), precipitation seasonality (1.6%), and 
isothermality (0.6%). The AUC value for this model was 0.944. 
 




The SDM constructed for Thuja occidentalis was able to predict curent 
distribution along the northern, eastern, and southeastern range edges 
according to Litle’s (1971) range map (Figure 9). It slightly overextended 
predictions along the southern range edge, oversimplified the disjointed range 
through the Appalachian Mountains, and predicted clusters of low habitat 
suitability far west of the range. Six uncorelated bioclimatic variables were 
retained in the final model according to their permutation importance: maximum 
temperature of warmest month (50.1%), precipitation of wetest quarter (30.4%), 
precipitation seasonality (9.1%), temperature seasonality (8%), precipitation of 
driest quarter (2.3%), isothermality (0.1%). The AUC value for this model was 
0.951. 
 




The SDM constructed for Tsuga canadensis was able to predict curent 
distribution along the northern, eastern, and southeastern range edges 
according to Litle’s (1971) range map (Figure 10). It overextended predictions 
along the southwestern range edge and predicted clusters of low habitat 
suitability far west of the range. Five uncorelated bioclimatic variables were 
retained in the final model according to their permutation importance: mean 
temperature of warmest quarter (56.3%), annual precipitation (24.7%), 
temperature seasonality (12.4%), precipitation seasonality (4.3%), and 
isothermality (2.3%). The AUC value for this model was 0.962. 
 
Figure 10. Predicted curent distribution of Tsuga canadensis. 
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RECONSTRUCTION OF GLACIAL REFUGIA 
As fossil record and phylogeographic evidence discussed within the 
literature review best support the predicted Pleistocene distributions according 
to the MPI-ESM-P GCM, they are the predictions presented here. Predicted 
Pleistocene distributions according to the CCSM4 and MIROC-ESM GCMs are 
available within the electronic supplementary material. Models predicted 
Pleistocene distribution for the selected species in four broad areas: Beringia 
including Alaska, the Grand Banks of Newfoundland, east of the Appalachian 
Mountains, and west of the Appalachian Mountains (Figure 11 to Figure 20). 
Some SDMs predicted distribution that was not restricted by the Appalachian 
Mountains, and one prediction distribution within the northwestern USA. The 
numbers and total area of predicted refugia found are included in Table 5. 
Locations and area of individual predicted refugia can be seen in Appendix II. 
 
Table 5. Total area and number of predicted refugia for ten eastern North 






Total Area of Refugia (ha) 
 
 








Larix laricina 1615596 5 
Picea glauca 2626508 11 
Picea mariana 1595663 8 
Picea rubens 804482 2 
Pinus banksiana 1309879 3 
Pinus resinosa 1011284 1 
Pinus strobus 1948221 2 










Figure 11. Predicted distribution of Abies balsamea during the LGM. 
 
 




Figure 13. Predicted distribution of Picea glauca during the LGM. 
 
 




Figure 15. Predicted distribution of Picea rubens during the LGM. 
 
 




Figure 17. Predicted distribution of Pinus resinosa during the LGM. 
 
 




Figure 19. Predicted distribution of Thuja occidentalis during the LGM. 
 
 
Figure 20. Predicted distribution of Tsuga canadensis during the LGM. 
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Genetic diversity measured by expected heterozygosity values (He) were 
retrieved from published range wide or central population alozyme analysis 
studies for the ten selected conifer species (Table 1). The average He among 
these species is 0.128. Pinus resinosa had the lowest He at 0.000, while the 
highest was Picea glauca with 0.290.  
Table 6 contains comparisons of predicted curent and LGM distribution 
of the selected species. The five species with transcontinental modern ranges 
had the lowest percentage of LGM predicted distribution compared to their 
curent predicted distribution, between 24% and 37%. Picea rubens was the 
only species with a larger predicted distribution in the LGM compared to curent 
at 112%. The highest percentage of LGM predicted distribution compared to 
curent predicted distribution that does not represent a decrease in distribution 
was for Tsuga canadensis at 82%. 
Table 6. LGM total predicted distribution compared to curent predicted 









LGM distribution as 














Larix laricina 1,615,596 6,018,690 27% 
Picea glauca 2,626,508 7,183,019 37% 
Picea mariana 1,595,663 6,584,443 24% 
Picea rubens 804,482 717,420 112% 
Pinus banksiana 1,309,879 4,156,778 32% 
Pinus resinosa 1,011,284 1,625,606 62% 
Pinus strobus 1,948,221 2,788,247 70% 










Simple and multiple linear regressions compared number and total area 
of refugia as independent variables to He as the dependent variable. The 
analysis for the predicted Pleistocene distributions according to the MPI-ESM-P 
GCM is presented here (Table 7), while the analysis for predictions according to 
the two other GCMs used are included in the electronic supplementary material. 
Table 7. Simple and multiple linear regression results comparing number and 



















Adjusted r² 0.58 0.67 0.71 









According to the calculated adjusted r², 71% of the variance between He 
values can be explained by both total area and number of refugia for a given 
species. Of the two independent variables, number of refugia has a higher 
adjusted r² than total area of refugia at 0.67 versus 0.58. The standard eror 
values for these regression analyses are al quite low, ranging from 0.05 to 0.07. 





PLEISTOCENE SPECIES DISTRIBUTION 
The placement of glacial refugia predicted by the SDMs were generaly 
wel supported by prior paleoecological and phylogeographic studies for their 
respective species. Multiple species have phylogeographic studies that suggest 
a northeastern genetic lineage resulting from a glacial refugia somewhere near 
Newfoundland and Labrador. The area that many of the models predicted 
refugia in that fits this suggestion is the Grand Banks, the exposed continental 
shelf south of Newfoundland. This area is not supported as glacial refugium by 
fossil record, but this could be due to the il suitedness of exposed continental 
shelf to fossil preservation (Gavin et al. 2014). 
Cinget et al. (2015) stated that phylogeographic structuring of Abies 
balsamea suggests that the modern distribution was formed from five genetic 
lineages. The suggested refugium northeast of the glacial extent is supported 
wel by the predicted distribution on the Grand Banks. The four remaining 
genetic lines suggested could have resulted from the two predicted refugial 
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areas south of the glacial extent. The predicted refugium west of Appalachia 
could have split into two recolonization routes which would explain the 
suggestion of genetic lineages south and west of the Great Lakes. Similarly, the 
refugium predicted east of Appalachia could have split into the suggested 
southern Appalachian and Atlantic coast genetic lineages. Fossil records have 
placed Abies balsamea between the southern edge of the Laurentide glacier 
and Florida (Delcourt and Delcourt 1987; Jackson et al. 1997).  
The predicted glacial refugia of Larix laricina south of the glacial extent 
are more disjointed that suggested by Waren et al. (2016). The suggestion that 
the Appalachian Mountains did not restrict gene flow between populations on 
either side of them could be due to a connecting population not predicted by the 
SDM, or because of long distance polen dispersal efectively connecting the 
populations. Either way, the constructed SDM is likely missing a component of 
glacial refugia in this area. The model also predicted a refugium on the Grand 
Banks which is not present in either fossil records or phylogeographic studies. 
The prediction of Larix laricina having refugia within Beringia is wel supported 
by the phylogeographic evidence presented by Napier et al. (2020) and fossil 
record presented by Brubaker et al. (2005). 
The model for Picea glauca predicted a higher number of refugia than 
supporting studies. Within Beringia, the dispersion of refugia could support 
Anderson et al.’s (2006) suggestion that this species survived within this region 
in low densities. This placement of Picea glauca is wel supported in the fossil 
record according to Brubaker et al. (2005), especialy within eastern Beringia 
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due to evidence of early colonization of this species folowing glacial retreat in 
Northern British Columbia. The predictions south of the glacial extent are less 
supported, especialy the cluster within western USA. There is a large predicted 
refugia south of the Great Lakes which is supported by the fossil record 
presented by Jackson et al. (1997), as wel as two smal refugia on the Gulf 
Coast which could have been assumed to be the same refugia in the fossil 
record due to proximity. Lafontaine et al. (2010) proposed a refugium east of the 
Appalachian Mountains which could be the two smal refugia predicted on the 
Atlantic Coast.  
The distinct phylogeographic distribution found by Jaramilo-Corea et al. 
(2004) in Picea mariana suggested three southern genetic lineages and one 
northeastern. The suggested northeastern lineage could be explained by the 
predicted refugia on the Grand Bank, which would have easily recolonized the 
areas found hosting the unique mitotypes in Labrador and Eastern Quebec. The 
predicted refugia within Beringia are wel supported by the fossil record 
presented by Brubaker et al. (2005), but not supported by Jaramilo-Corea et al. 
(2004), and vice versa for the infered refugia in Washington or Oregon states. It 
could be that the phylogeographic patern seen in this region is in fact a result of 
recolonization from the Beringian refugia. The two remaining southern genetic 
lineages are said to be on either side of the Appalachian Mountains, which 
reflects the predicted Atlantic Coast refugia, and the Gulf Coast and west of 
Appalachia refugium.  
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The predicted distribution of Picea rubens is closely supported by the 
phylogeographic evidence presented by Hawley and DeHayes (1994) for both 
the Appalachia/Atlantic Coast and Grand Banks refugia. No fossil evidence was 
found for Picea rubens specificaly between the Laurentide ice sheet and the 
Gulf Coast, but polen records confirm that Picea spp. was indeed present 
(Jackson et al. 1997). 
Considering the geneticaly distinct population of Pinus banksiana within 
the Maritimes region of Canada according to Godbout et al. (2010), the 
predicted refugium within the Grand Banks is wel supported. The refugia 
suggested to be west of the Appalachian Mountains is also present within the 
predicted distribution, but it did not predict any refugia on the Atlantic coast as 
suggested. The placement of this species throughout the eastern USA is 
supported according to the fossil record presented by Jackson et al. (1997). The 
species distribution predicted in Beringia is not supported by either 
phylogeography or macro fossil records, but polen records have been published 
that place the Pinus genus there (Delcourt and Delcourt 1987). 
The predicted distribution of Pinus resinosa was restricted to only one 
refugia spanning from the Atlantic Coast to north of the Gulf Coast. Walter and 
Epperson (2005) suggested that according to their phylogeographic findings, 
this species should have been within two refugia, with one in northeast USA and 
the other in the southeast. It is possible that the Appalachian Mountains 
restricted gene flow more than the predicted distribution seems to suggest, 
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which would have formed these two refugia. Pinus resinosa is accepted to have 
been within this area according to fossil records (Jackson et al. 1997). 
Zinck and Rajora (2016) suggested a single refugium of Pinus strobus in 
central North America which split into two recolonization routes and three 
genetic lineages. The large central refugia is supported by the predicted 
distribution. Pinus strobus is accepted to have been within this area according to 
fossil records (Jackson et al. 1997). The predicted refugia on the Grand Banks 
could possibly have been the source of the third genetic lineage and could have 
remained spatialy undetected due to large amounts of admixture. 
Due to the uncertainty of the fossil record of Thuja occidentalis during the 
LGM (Warner 1981; Yu 1997), and the lack of phylogeographic study, support of 
the predicted distribution is uncertain. The best estimate according to the fossil 
record of this species folowing glacial retreat places a refugia somewhere south 
of Lake Superior. Though this definition is broad, the two predicted refugia south 
of the glacial extent could fit it. As for the predicted refugia on the Grand Banks, 
it is unlikely any fossils would have survived here so it is hard to confidently 
support or reject it. 
The phylogeographic findings of Poter et al. (2012) regarding refugia 
placement of Tsuga canadensis is wel reflected in the predicted LGM 
distribution for both the southeast USA refugia and the Grand Banks Refugia. 
The evidence that the southern refugia was split into three clusters is not 
reflected in the predicted distribution, however this evidence was inconclusive. 
47 
 
The actual distribution could also have been disjointed due to unrealized 
variables. Macrofossils of Tsuga canadensis have been found within the general 
area north of the Gulf Coast (Jackson et al. 1997).  
In general, the predictions of refugia within Beringia and the Grand Banks 
add to the body of work that explains a phenomenon caled “Reid’s Paradox”. 
This paradox suggests that it would be impossible for temperate tree species to 
have experienced the high rates of post glacial migration temperate necessary 
in order to recolonize their curent distributions from southern refugia within the 
relatively short time frame since glacial retreat (Clark et al. 1998). These refugia 
are closer to the curent ranges of many temperate trees, which would alow 
them to recolonize them folowing glacial retreat before the time lag expected by 
“Reid’s Paradox”. 
The performance of the SDMs in this thesis could be interpreted that 
modeling software such as MaxEnt is able to adequately predict distribution 
dynamics at the continental level to a suficient degree to capture general 
trends, but at the regional level they do not reflect fossil records wel enough. 
Similar to what Roberts and Hammans (2015) found, this is could be due to the 
species in question simply not having time to reach the extent of their available 
niche or be stopped from doing so by factors not included in the input variables. 
The overprediction of curent southern range edges could be because 
distribution here is determined by soil type and topography before bioclimatic 
variables (Bemmels and Dick 2018). This shortcoming could have been 
reflected in predicted LGM distributions as wel.
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DETERMINANTS OF GENETIC DIVERSITY 
Considering the generaly accepted efects of founder’s efect, genetic 
botlenecks, and genetic drift on genetic diversity of a species (Jaramilo et al. 
2009), the hypothesis that multiple and large refugia during the LGM would have 
led to higher genetic diversity today is a sound one. Supporting evidence 
suggested fewer refugia for species with the highest genetic diversity values 
than predicted by the SDMs. If this hypothesis is supported by multiple 
corelative studies, one could expect and search for additional refugial areas for 
species with high genetic diversity. A strong relationship was indeed found 
between modern genetic diversity and number and area of refugia in this thesis 
which agrees with a prior study by Roberts and Hamman (2015) in western 
North America.  
Additional studies with larger sample sizes would be beneficial to beter 
understand the extent of this correlation, but eforts are hard to organize due to 
the many sources needed for such a study. Model predictions could also be 
improved by the addition of variables not present in bioclimatic data such as soil 
type and topography. These predictions also do not consider successional 
dynamics of trees and forests during this time. These variables should be 





Constructed SDMs were able to predict curent distribution that closely 
resembled published range maps of the ten selected conifer species. The 
distributions each species’ model predicted for the LGM were generaly 
supported by fossil record and phylogeographic studies. This suggests that 
modeling software such as MaxEnt can capture continental wide distribution 
dynamics for conifer species. They seem to not accurately capture finer scale 
distribution, at least at the scale that was modeled.  
The infered refugia for multiple conifer species within Beringia and the 
Grand Banks add to the body of work atempting to explain “Reid’s Paradox,” 
which suggests that the rates at which temperate tree species would have had 
to expand to their curent ranges folowing glacial retreat from southern refugia 
alone would have been impossibly fast (Clark et al. 1998). Refugia on the east 
and west side of the glacial extent would have been closer to modern day 
ranges of the trees in this thesis, which would reduce the expansion rates 
needed considerably. 
Results indicated a significant positive corelation between expected 
heterozygosity as the dependant variable and number and size of refugia as the 
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independent variables, supporting the hypothesis that softwood tree species 
within multiple and/or large refugia during the LGM have higher genetic diversity 
in modern day populations than those with fewer and/or smaler refugia. Number 
of refugia had a higher positive corelation than size of refugia which supports 
the hypothesis that species with multiple smaler refugia have experienced less 
of a genetic botleneck than ones with a single or few large refugia. More 
species should be analyzed in the same fashion as this thesis in order to see if 
this patern holds true for trees al over North America and the world. Lastly, 
model predictions could be improved given a more robust set of variables 
including soil types and topography. 
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CREATED GEOPROCESSING TOOLS 
A. Species occurence points processing 
 
B. SDM prediction raster reclassification/conversion 
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APPENDIX I (CONTINUED) 
C. Refugia polygon dissolution 
 




AREA UNDER RECIEVER CURVE VALUES AND PERMUTATION 





















0.940 0.891 0.869 0.876 0.985 0.923 0.965 0.944 0.951 0.962
BIO 1 1 - - - - - - - - -
BIO 2 7 - - - - - - - - -
BIO 3 - 3 2 3 5 4 6 5 6 5
BIO 4 4 5 3 5 6 3 3 3 4 3
BIO 5 - 1 1 1 - 1 - 1 1 -
BIO 6 - - - - - - - - - -
BIO 7 - - - - - - - - - -
BIO 8 5 - - - - - - - - -
BIO 9 - - - - - - - - - -
BIO 10 - 2 - - 1 - 1 - - 1
BIO 11 - - - - - - - - - -
BIO 12 - - - - - - - 2 - 2
BIO 13 - - - - - - - - - -
BIO 14 6 - - - 4 - - - - -
BIO 15 3 4 6 4 2 5 4 4 3 4
BIO 16 - - - - - 2 - - 2 -
BIO 17 - 6 - - - 6 5 - 5 -
BIO 18 2 - 5 2 3 - 2 - - -
BIO 19 - - 4 - - - - - - -















































PREDICTED REFUGIA LOCATION AND AREA IN SQUARE KILOMETRES OF 
















Abies balsamea East of Appalachia 198474 
Abies balsamea West of Appalachia 655473 
Larix laricina West of Appalachia 1297660 
Larix laricina East of Appalachia 171684 
Larix laricina Grand Banks 64010 
Larix laricina Southern Beringia 60852 
Larix laricina Western Beringia 21390 
Picea glauca Atlantic Coast 32541 
Picea glauca West of Appalachia 1345817 
Picea glauca Gulf Coast 6986 
Picea glauca Gulf Coast 30577 
Picea glauca Western USA 13160 
Picea glauca Western USA 26047 
Picea glauca Western USA 41703 
Picea glauca Western Beringia 12632 
Picea glauca Western Beringia 27842 
Picea glauca Western Beringia 235229 
Picea glauca Southern/Eastern Beringia 853974 
Picea mariana Atlantic Coast 49445 
Picea mariana West of Appalachia 1008901 
Picea mariana Gulf Coast 36536 
Picea mariana Grand Banks 77251 
Picea mariana Western Beringia 41294 
Picea mariana Western Beringia 206237 





















Through Appalachia/Atlantic Coast  
 
774790 
Picea rubens Grand Banks 29692 
Pinus banksiana West of Appalachia 1262046 
Pinus banksiana Grand Banks 4783 
Pinus banksiana Western Beringia 43050 
Pinus resinosa Through Appalachia/Atlantic Coast 1011284 
Pinus strobus Gulf Coast/Through Appalachia/Atlantic Coast 1905292 
Pinus strobus Grand Banks 42929 
Thuja occidentalis Through Appalachia/Atlantic Coast 672800 
Thuja occidentalis Gulf Coast/Western USA 434341 
Thuja occidentalis Grand Banks 4698 
Tsuga canadensis Through Appalachia/Gulf Coast 1563076 
Tsuga canadensis 
 
Grand Banks 
 
22233 
 
 
